The blood pressure of the spontaneously hypertensive rat (SHR) is influenced by the Ca2" content of its diet. As the SHR's greater dependence on dietary calcium may reflect a defect in intestinal calcium absorption, we measured in vitro unidirectional Ca2" flux (J) in the duodenum-jejunum (four segments each) of the SHR (n = 6) and the normotensive Wistar-Kyoto rat (WKY; n = 6) by a modified Ussing apparatus. Because of the known and postulated interactions between Ca2' and Na+ in both intestinal and vascular tissue, we assessed in vivo the influence of a concurrent manipulation of Na+ intake (three levels: 0.25%, 0.45%, and 1.0%) on the blood pressure development of SHRs (n = 35) and WKYs (n = 35), between 6 and 20 wk of age, exposed to three levels of dietary calcium (0.1, 1.0, and 2%).
Introduction
Abnormally elevated arterial pressure in humans and experimental animals has been attributed, in part, to specific nutrients (1) . Excessive dietary sodium has been the nutritional pattern most frequently implicated (2) . The spontaneously hypertensive rat (SHR)' is one of the most widely studied genetic models of human hypertension, having been characterized as closely paralleling the human disorder in its hemodynamic, endocrine, and end-organ manifestations (3) . The development of the SHR's hypertension is not sodium dependent, though modifying Na' intake may produce modest blood pressure changes (4) . Reports have noted, though, a sensitivity of the adult SHR's pressure to manipulations of Ca2+ intake (5) . The addition of Ca2+ to the SHR's diet attenuates the rise ofthe young SHR's blood pressure (6, 7) and will reverse "fixed" hypertension in the adult animal (5) .
Several theoretical mechanisms might account for the SHR's greater dependence on dietary calcium. A variety of abnormalities of cellular Ca2+ metabolism have been identified in the SHR (5, (8) (9) (10) (11) (12) (13) (14) (15) (16) . In vascular tissue, these have included an increased membrane permeability (8, 10) , decreased vesicular uptake of Ca2+ (12, 13) , and reduced Ca2' ATPase activity (12, 13) , defects consistent with a primary failure ofCa2+ calmodulin activation ( 11) of membrane stabilization and Ca2+ sequestration in contractile tissue. Independent of these defects of vascular tissue handling ofCa2 , the SHR's Ca2+ dependence may reflect the animal's end-organ abnormalities, which would impair its ability to maintain external Ca2+ balance. Reports have identified an abnormality of renal Ca2+ reabsorption in the SHR (5, 14) that would potentially result in negative Ca2' balance were its net intestinal Ca2+ transport either normal or reduced compared with that of the Wistar-Kyoto rat (WKY). In this latter area of intestinal Ca2+ transport, the published reports are conflicting (14) (15) (16) . The most rigorous in vitro evaluation demonstrated an =50% reduction of the SHR's duodenal Ca2+ transport (16) . 1 . Abbreviations used in this paper: G, conductance; H, high; IS,, shortcircuit current; J, flux; Jm.s, mucosa-to-serosa flux; Jnet, net intestinal calcium flux; J,,,,, serosa-to-mucosa flux; L, low; PD, potential difference; SBP, systolic blood pressures; SHR, spontaneously hypertensive rat;
Other studies, though, have suggested that net Ca2+ transport may be increased in the SHR (14, 15) .
In the first part of the study, we assessed in vitro, unidirectional calcium flux (J) in both SHRs and WKYs using a modified Ussing apparatus. Based upon the previous observations noted, as well as on the accepted and hypothesized link between Ca2' and Na+ in both intestinal Ca2+ absorption (17, 18) and in the regulation of vascular smooth muscle function (19, 20) Four chambers were used in each rat. Tissue appentures were 0.5 cm2.
Tissues from SHR and WKY were studied in random order and blinded fashion, the sequence of which was unknown to the operator.
The mounted intestinal segment was bathed in a phosphate-free Krebs-Ringer bicarbonate solution (23, 24) Each hemichamber compartment contained 10 ml of the electrolyte solution and was aerated with 95% 02/5% CO2 and maintained at pH 7.4 and 370C. The solutions bathing the mucosal and serosal sides were connected via agar bridges to calomel electrodes for the direct measurement of the potential difference (PD) and to Ag-AgCl electrodes for the passage of direct current through the tissue, using an automatic voltage clamp (dual voltage clamp 616C-3, bioengineering, the University of Iowa, Iowa City, IA). The short-circuit current (1s,:) was recorded in the absence of PD after appropriate corrections for the resistance ofthe fluid between the two PD-sensing bridges (25) . Conductance (G) was calculated from I. and PD. Total resistance and conductance were monitored at regular intervals during the entire experiment. Mucosa-to-serosa (J.-) and serosa-to-mucosa (J,.) J's were paired across adjacent pieces of intestine using the 30% conductance-matching criterion used by Walling and Kimberg (26) .
After the steady state had been reached (60 min), 45Ca2+ was added to either the serosal or mucosal side ofthe paired chambers. Il-ml samples were taken from the "cold" side at 20- nmol/cm2 * h (P < 0.002).
The mean (±SEM) SBP at 2-wk intervals for each strain and diet group is shown in Table II . Within both strains, there was a significant (P < 0.001) difference in SBP based upon the dietary content of Ca2' and Na'. Between strains there was also a significant (P < 0.0001) difference in the blood pressure response to the dietary modifications. Fig. 2 depicts the mean SBP of the WKY and SHR on the control diet and high Ca2+/Na' diets. SBP in the control SHR increased with age and was significantly higher (P < 0.001) than that of both the WKY control and the high Ca2+/high Na' SHR. Importantly, there was no statistical difference throughout the period of observation between the SBP ofthe control diet WKY and the modestly increased high Ca2+/ high Na' SHR. The SBP of this genetically predisposed SHR was essentially identical to its normotensive control, the WKY. The normotensive WKY also demonstrated a beneficial effect from the diets as the WKY receiving the higher Ca2+/Na' diet exhibited consistently lower blood pressures than the control diet WKY.
As depicted in Fig. 3 , the impact of these diet modifications on the SBP at 20 wk of age of both the WKY and SHR was consistent in the relative rank order and magnitude. The restricted (low) Ca2+/Na' SHR (192±2 mmHg) was higher (P < 0.001) than each ofthe other SHR diet groups. The low Ca2+/ (Table  III) were independent of the observed differences in blood pressure for the respective diet groups. The serum and urine chemistries at 20 wk are shown in Table IV . Serum total calcium concentration varied with the diet composition (P < 0.001) for both strains. Across diet groups, serum calcium was lower, but did not reach statistical significance (P < 0.06) in the SHR. Serum magnesium values were higher in the SHR (P < 0.001) and for both strains varied significantly (P < 0.001) with dietary Ca2" modification. A significant diet-strain interaction (P < 0.002) existed for magnesium. The diets resulted in predictable (P < 0.001) alterations in serum phosphorous levels: as the calcium content was decreased, serum phosphorous rose. Increased Ca2+ was associated with a modest decline in serum phosphorous that was not significant. Serum sodium differed by strain (P < 0.002) and differed from control in both the SHR and WKY on the high calcium/low sodium diet (P < 0.005). Serum potassium also differed by strain (P < 0.0001). Except for the high calcium/ high sodium diet (both SHR, P < 0.05, and WKY, P < 0.05), serum potassium levels in manipulated animals did not differ from those of controls. Serum creatinines were similar for the two strains and were unaffected by the diets. Urinary calcium excretion (Uc5V) varied significantly (P < 0.001) with the diets and between strains (P < 0.02). This was evident in the case of the higher Ca2+ intake where the SHR exhibited greater Uc5V.
Urinary sodium excretion (UNaV) was lower in the SHR as compared with the WKY for all diets except the high Ca2+/high Na'.
Urinary potassium excretion (UKV), likewise, increased in the SHR as dietary Ca2+ increased and as a function ofgreater dietary potassium content of the high Na' diets. Heart weight (Fig. 4 ) varied significantly (P < 0.05) based on the Ca2" and Na+ diet content. The low Ca2-/low Na+ animals had increased heart weights, while the high Ca2+/high Na+ animals' heart weights were indistinguishable from the comparable diet group of WKYs. Likewise, kidney weight (Fig. 5 ) in the SHR (P = 0.08) but not in the WKY was modified by the diet. Specifically, the low Ca2+/Na' SHRs developed greater kidney weight. Microscopic examination did not reveal any evidence of altered cardiac or renal histology among the five diet groups.
Discussion
Concurrent modifications of the Ca2l and Na+ intake in both normotensive and spontaneously hypertensive rats produced significant alterations in both the pattern of SBP and maximal SBP attained. The consistency within and between strains ofthe SBP at 20 wk of age suggests that simultaneous reductions in both Ca2' and Na+ accelerate the SHR's hypertension and also produce a higher SBP in the normotensive WKY. The rank order of the diets indicates that maintenance of an increased Na+ diet in the face of Ca2' restriction is modestly protective, though it is still associated with an SBP higher than that seen with the control diet. The consumption of a higher Ca2+ intake was associated with some reduction in SBP when Na+ content was reduced, but the provision of a diet increased in both Ca2+ and Na+ resulted in the optimal effect on the SBP of both the hypertensive and the normotensive rat. Calcium's net effect appears to be greater than that of Na+, though the latter nutrient is essential for the full expression of calcium's antihypertensive actions in the SHR. These observations complement the recent report of a nonpressor effect of dietary sodium in the absence of chloride in the deoxycorticosterone acetate rat model (29) . Those investigators suggested that Cl-rather than Na+ might be the causative factor in that experimental model, and more recently, preliminary reports have indicated that Cl-action may be mediated by an effect on calcium balance (30) . The results of our investigation in this genetic model of hypertension not only imply a protective interaction of Na+ with Ca2+ on blood pressure development, but also suggest that in the SHR Cl-consumption may not have adverse effects provided Ca2+ status is protected, as Cl-intake was greatest in those SHRs and WKYs with the lowest blood pressure on the high Ca2' diets. The administration of a higher Ca2' and Na+ diet to the SHR prevented the development of genetic hypertension. Previous studies had documented the adult SHR's blood pressure sensitivity to a supplemented Ca2" diet (5-7). However, to our knowledge, the results of this study represent the first time hypertension has been prevented in the SHR by an intervention that represents a physiologic and nutritionally relevant maneuver. Furthermore, this intervention was associated with no detectable adverse effects on growth or biochemical parameters. In fact, cardiac weight as an index ofpossible end-organ involvement from chronic hypertension was favorably modified in the SHR consuming the higher Ca2" and Na' diet.
Multiple abnormalities of cellular calcium metabolism have been identified in a wide variety of cell types of the SHR (5, (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . We chose to focus on intestinal calcium transport in the SHR for several reasons. The SHR's established dependence on supplemental dietary calcium suggested that the failure of the animal to maintain external calcium balance might be one pathological mechanism for which supplemental dietary calcium might compensate. Several reports have documented the presence of a hypercalciuric state in the adolescent and adult SHR (5, 7, 14) . If the SHR's intestinal calcium transport were either normal or reduced compared with that of the WKY, its renal 'i 6it abnormality would obligate the animal to being in a state of chronic negative calcium balance, a situation consistent with our preliminary report that in both the mature and aged SHR bone density is reduced (30) . Long-term provision of supplemental Ca2" and Na+ favorably modifies the SHR's bone density, while Ca2" restriction lowers its bone density and Ca2" content (31, 32) .
We elected to study the SHR's epithelial calcium transport in the intestine using the modified Ussing chamber technique (22) , which is unique in that it permits the study ofactive calcium transport under electrically controlled conditions, in addition to permitting the continuous monitoring of tissue viability. Intestinal calcium absorption has been investigated in the SHR, primarily in vivo. The results, though, have been conflicting (14-16). Schedl et al. (16) reported decreased absorption, while Toraason and Wright (1 5 ) and Lau and co-workers (14) observed increased calcium transport.
Our findings indicate a profound reduction in the SHR's net duodenal-jejunal flux. In fact, we observed a zero Jnev in the SHR compared with -30 nmol/cm2 -h in the WKY, the latter figure being comparable to that obtained by other investigators Figure 4 . SHR's (n = 24) and WKY's (n = 24) heart weights in grams randomized at 6 wk of age to one of three diets: 2% Ca2+/ 1% Na+, o; 1% Ca2+/0.45% Na+, o; or 0.1% Ca2+/0.25% Na+, u. Heart weight was determined at death at 20 wk of age. Heart weight for the SHR (P < 0.05) varied significantly based upon the diet consumed. ( 17, 18, 34, 35) . The SHR's requiring sodium for the expression of calcium's antihypertensive action suggests that this animal is as dependent on Nat/Ca2t exchange as is the WKY to ensure an adequate absorption of the divalent cation. Our results do not exclude the possibility that Ca2t absorption increased as a consequence of increased Nat absorption and advent drag.
Our observation that the WKY's blood pressure was also sensitive, though less so to concurrent manipulations of dietary Nat and Ca2t, suggests that mechanisms other than ones involving solely the intestinal absorption of calcium must be involved. Calcium exerts multiple effects on vascular smooth muscle function, serving to control both contraction and relaxation (40) . This dual effect was initially characterized in vitro by Bohr (40) , who noted that at higher extracellular Ca2+ concentrations, aortic strips relaxed as opposed to the observed contraction at lower ambient concentrations of the cation. Subsequent investigations linked calcium's vasorelaxing properties to a stabilization of the vascular smooth muscle cell membrane (41) . Calcium exerts these biphasic effects on vascular smooth muscle cells via its regulation of membrane ion fluxes (42) , including its own (43) (44) (45) , modulation of both the recruitment and the storage ofCa2t within the cell (42, 45, 46) , and activation ofenzymatic pathways that both stimulate and inhibit the actinmyosin interaction (40, 42, 46) . These regulatory functions of Ca2t are dependent in part on the cation reversibly binding to calmodulin, its intracellular binding protein (46, 47) . In accordance with these in vitro findings are the observations from in vivo studies that have demonstrated both vasoconstricting and vasodilating effects of Ca2t infused into regional vascular beds of experimental animals (48, 49) .
The apparent synergistic action between dietary Ca2t and Nat in normalizing the SHR's blood pressure has been suggested by earlier studies. Webb and Bohr (41) noted that the smoothmuscle-relaxing, membrane-stabilizing effects of Ca2t were, in part, Nat-dependent. When the Nat content ofthe extracellular fluid was reduced, maximal Ca2'-mediated relaxation did not occur. In both vascular (19) and nonvascular tissue (50), a close interaction between the membrane J of these two ions has been demonstrated repeatedly. The uptake ofCa2t by smooth muscle plasma membranes has been shown to be both Ca2t-dependent and Nat-requiring (52) for maximal effect. In cardiac tissue, high extracellular Ca2t stimulates Nat efflux and is associated with membrane stabilization and reduced contractile force (53). Sodium's enhancement of calcium's relaxation of vascular tissue has been attributed to the Ca2t-Nat exchange across the plasma membrane (19, (51) (52) (53) . With our report, the synergistic action of sodium and calcium to relax vascular tissue is encompassed by observations in cellular preparations, whole organs, and now the intact animal.
An alternative mechanism to explain calcium's effect on blood pressure would include the cation's natriuretic action (54) . Increasing calcium excretion by the kidney will promote Na+ excretion. Ifnatriuresis were principally responsible for calcium's antihypertensive action, then the addition of Nat to the diet would be expected to dampen, rather than enhance as we observed, the blood pressure-lowering effect of calcium. Lau et al. (55) have demonstrated that calcium's salutory effect on the SHR's blood pressure is not due to changes in sodium balance. These same authors, however, suggested that calcium's antihypertensive effect may be in part due to phosphorus depletion. In the current studies, serum phosphorus was maintained in the higher Ca2t animals who experienced the best blood pressure effect and antihypertensive action. Collectively, these observations appear to dissociate calcium's effects on blood pressure from induced changes in either Nat or P0 balance of the animals.
A marked sensitivity of the SHR to maneuvers that may serve to modify membrane handling of Ca2t and Nat is consistent with the numerous observations that the SHR's membrane Ca2t kinetics are abnormal (7) (8) (9) (10) (11) (12) (13) 56) . These abnormalities presumably result in the animal's exhibiting a variety ofbiochemical and organ defects related to Ca2+ metabolism (5, (7) (8) (9) 14) . Besides the SHR's having an apparent dependence upon receiving a sufficient dietary Ca2" exposure, reports have suggested a de-pendence of the SHR on an adequate Na' intake (57, 58) , as sodium restriction in the young SHR was noted to result in growth retardation and premature mortality (57) (58) (59) . Dietary potassium does not appear to be a significant factor in the SHRs' blood pressure responses in this study (60) . Chronic manipulation within the range of this study (0.6-1.1%) has not been noted to affect blood pressure in the SHR (60) . In addition, the low Ca2+/high Na' SHRs were exposed to the same K+ content of the diet as the high Ca2+/high Na' animals and did not experience a hypotensive response.
Interpretations of human disorders based on extrapolations of animal data must always be done cautiously. Given that consideration, the current findings are consistent with observations in humans. Several reports have documented that Ca2+ intake is lower in subjects who have established hypertension (61, 62) or who are at risk of developing hypertension (62) (63) (64) . Furthermore, the provision of supplemental Ca2+ to normal and hypertensive individuals has been associated with the lowering of blood pressure (65, 66) . Finally, nutritional patterns in adult Americans that reflect greater Na' exposure in the diet are associated with a lower prevalence of high blood pressure (64, 67) .
Emerging evidence suggests a potentially critical role for the maintenance of a relatively high dietary intake of Ca2+ and a "normal" intake of Na+ for the optimal regulation of blood pressure in experimental animals and in humans. The results ofthis study demonstrate that in a genetic model ofhypertension, the SHR, blood pressure development, and end-organ compromise from hypertensive cardiovascular disease can be favorably modified by such a dietary maneuver. Our findings of a significant impairment of intestinal Ca2+ transport in the SHR may provide one pathological mechanism that accounts, in part, for blood pressure dependence on supplemental dietary calcium and sodium.
